Although electrical heterogeneity within the ventricular myocardium has been the focus of numerous studies, little attention has been directed to the mechanical correlates. This study examines unloaded cell shortening, Ca 2+ transients and inward calcium current (I Ca,L ) characteristics of epicardial, endocardial and midmyocardial (M) cells isolated from the canine left ventricle.
INTRODUCTION
The past decade has witnessed a transition in our perception of ventricular myocardium from a homogeneous structure to one rich in its cellular diversity. A number of studies have highlighted regional differences in electrical properties of ventricular cells (Antzelevitch & Dumaine, 2002) as well as differences in the response of the diverse cell types to pharmacological agents and pathophysiological states (Keating & Sanguinetti, 2001 ). The ionic basis for the electrophysiologic and pharmacologic distinctions in the canine heart has been shown to be attributable to differences in the activation of at least 3 different time-and voltage-dependent K + currents (I to , I Kr and I Ks ) (Liu et al., 1993; Liu & Antzelevitch, 1995) as well as differences in intensity of the late sodium channel current (late I Na ) (Zygmunt et al., 2001 ) and sodium-calcium exchange current (I Na-Ca ) (Zygmunt et al., 2000) .
Although a great deal of attention has focused on the electrical distinctions of the diverse ventricular cells types, little attention has been directed at the mechanical correlates. In ventricular myocardium, the Ca 2+ transient that activates contraction appears to result from the summation of numerous local microscopic release events, called Ca 2+ sparks (Cannell et al., 1994; Cheng et al., 1993) . It is widely believed that the Ca 2+ transient represents the spatial and temporal summation of many sparks (Cheng et al., 1993) . In ventricular myocardial cells, the opening of the L-type Ca Prolongation of action potential duration (APD) intensifies cell shortening secondary to elevation of [Ca 2+ ] i and increased SR Ca 2+ release (Bouchard et al., 1995; Terracciano et al., 1997) . SR Ca 2+ 3 release can also be modulated by phase 1 repolarization of the action potential. A rapid rate of repolarization has been shown to lead to synchronization of SR Ca 2+ release events -or sparks (Sah et al., 2002; Sah et al., 2003) . The presence of a prominent action potential notch in epicardial and M cells and the longer action potential duration of the M cells may contribute to differences in EC coupling. However, the regional differences of EC coupling in ventricular muscle are not well defined.
The present study examines the characteristics of cell shortening, Ca 2+ transients and inward calcium current in epicardial, endocardial and M cells isolated from the left ventricle of the canine heart. Some of the results have been presented in preliminary form (Cordeiro et al., 2003; Eddlestone et al., 1998) .
METHODS

Isolated myocyte preparations.
Myocytes from epicardial, endocardial and midmyocardial (M) regions were prepared from canine hearts using techniques described previously (Liu et al., 1993 -free solution supplemented with 0.5 mg/ml collagenase (Type II, Worthington) and 1 mg/ml BSA for 8-12 minutes. After perfusion, thin slices of tissue from the epicardium (<2 mm from the epicardial surface), M region (about 5-7 mm from the epicardial surface), and endocardium (<2 mm from the endocardial surface) were shaved from the wedge using a dermatome. The tissue slices were then placed in separate beakers minced and incubated in fresh buffer containing 0.5 mg/ml collagenase, 1 mg/ml BSA and agitated. The supernatant was filtered, centrifuged and the pellet containing the myocytes was stored in KB solution at room temperature.
All animal procedures were in accordance with previously established guidelines (NIH publication No. 85-23, revised 1985) .
Solutions.
All solutions were made with Milli-Q grade water. Nominally Ca
2+
-free dissecting buffer had the following composition (mM): NaCl 129, KCl 5.4, MgSO 4 2.0, NaH 2 PO 4 0.9, glucose 5.5, NaHCO 3 20. This solution was bubbled with 95% O 2 /5% CO 2 . The modified KB storage solution 5 (Isenberg & Klockner, 1982) Foster City, CA). All experiments were performed at 36° C.
Fluo-3 Dye Preparation and Loading
The acetoxymethylester (AM) form of Fluo-3 was used. A 100 µM stock solution was prepared by adding 1 mg of Fluo-3/AM (dissolved in 0.86 ml DMSO) to 9 ml of fetal bovine serum (containing 225 µl of 20% F-127 pluronic in DMSO). The stock solution was then divided into 200 µl aliquots and stored at -70° C. When needed, approximately 1.5 ml of cell suspension containing either epicardial, endocardial, or M cells were added to the Fluo-3/AM (final concentration approximately 15 µM) for 30 minutes at room temperature (Cheng et al., 1993; Cordeiro et al., 2001c) .
All experiments were performed on an inverted microscope with epifluorescence capabilities (Nikon Eclipse TE300). Fluo-3 loaded myocytes were placed in a perfusion bath mounted on the stage of the microscope and myocytes were excited at 488 nm using a 100W mercury bulb.
Fluorescence signals were collected with a 40x oil-immersion objective lens (NA=1.3) and the emission fluorescence was sent through a 520 nm band-pass filter to a photomultiplier tube (Photon Technologies International).
Cell Shortening
Myocytes were monitored with a closed circuit video camera (Phillips) and monitor (Hitachi Denshi). Contractions were recorded as unloaded cell shortening using a video edge detector (Crescent Electronics) at a 120 Hz frame rate.
Statistics
Results from pooled data are presented as Mean + S.E.M. Statistical analysis was performed using an ANOVA test followed by a Student-Newman-Keuls test or a Student t-test, as appropriate, using SigmaStat software. A p<0.05 was considered to indicate statistical significance.
RESULTS
As an initial basis of comparison, action potentials (AP) and corresponding unloaded cell shortening were measured in epicardial, endocardial and M cells. Figure 1 show representative AP (upper traces) and cell shortening measurements (lower traces) recorded from the 3 cell types stimulated at a cycle length of 2 sec. The AP of epicardial and M cells exhibited a prominent spike and dome configuration. The corresponding cell shortening measurement showed that epicardial cells displayed the fastest time-to peak, whereas endocardial cells displayed the slowest (Table 1) .
M cells displayed an intermediate time-to-peak. In addition, epicardial cells showed the fastest relaxation rate compared to the other 2 cell types. The onset of contraction was also different in the 3 cell types (lower trace). Endocardial cells displayed a much greater latency than either epicardial or M cells. Table 1 contrasts these electrical and mechanical characteristics of the three cell types.
The distinctions in the kinetics of cell shortening observed in the three cell types may simply be due to differences in action potential waveform and duration. To eliminate these differences, we measured cell shortening during application of square pulses under voltage clamp conditions. Figure 2 shows the representative ionic currents and corresponding cell shortening recorded from an epicardial, endocardial and M cell in response to a 300 msec square pulse. Prior to application of the test pulse, 5 square pre-pulses were applied to maintain a uniform SR Ca 2+ content (Litwin et al., 1998) and no inhibitors were present in the pipette or bath solution. A large inward Na + current was recorded in all 3 cell types in response to a 300 msec depolarization to +20 mV (I Na truncated for clarity). In addition, a prominent transient outward current was observed in both the epicardial and (Table 1) . Time-to-peak of the Ca 2+ transient was significantly faster in epicardial cells compared to M and endocardial cells (Table 1 ). In addition, the decay of the Ca 2+ transient was faster in epicardial cells compared to the other cell types. These distinctions in Ca 2+ transient are similar to those recently reported (Laurita et al., 2003) . These results suggest that differences in cell shortening kinetics observed in the 3 cell types may be explained in part by differences in the kinetics of the Ca 2+ transient. conditions. I to was suppressed by addition of 2 mM 4-aminopyridine to the bath solution. Figure   4A shows representative I Ca,L traces and corresponding Ca 2+ transients recorded from an M cell 9 under voltage clamp conditions. I Ca,L activated at -30 mV and peaked at +10 mV ( Figure 4A , prepulses not shown). The current-voltage relations were not significantly different among the 3 cell types ( Figure 4B ). The corresponding fluorescence-voltage relation (normalized to peak fluorescence) was not significantly different among the 3 cell types ( Figure 4C ). I Ca,L density measured using square pulses is similar among the three cell types ( Figure 4B ). Moreover, fluorescence was similar at all voltages measured, suggesting no difference in the efficiency of SR Ca 2+ release (or gain) (Wier et al., 1994) among the 3 cell types. Thus, differences in the density of calcium channels are unlikely to be responsible for the observed differences in cell shortening and Ca 2+ transient activity in the three cell types.
We next examined the hypothesis that differences in SR Ca 2+ content contribute to the transmural heterogeneity of mechanical function (Sah et al., 2001) . SR content was estimated by the application of caffeine for a period of 1 sec under voltage clamp conditions and integration of the area under the current deflection. Each cell represents the average of 2 caffeine applications.
Refilling of the SR following depletion is enhanced by stimulation. Therefore, we increased the number of pre-pulses to 10 to achieve steady state as previously described (Trafford et al., 1997) . (Table 1) .
Epicardial cells displayed the largest Ca 2+ content and endocardial cells the smallest.
Because epicardial cells show a more rapid Ca 2+ release from the SR, a more rapid inactivation of I Ca,L would be expected. We measured the tau of inactivation of I Ca,L and found that epicardial cells tended to have faster inactivation time constants, although this difference was not significant (Table   1) . Our tau values closely correspond to the those recently reported by Wang and Cohen in canine ventricular cells (Wang & Cohen, 2003) .
Our findings thus far show that the cell shortening time-to-peak measured with action potentials is about 100 msec faster in epicardial versus endocardial cells (Figure 1 ). Although the magnitude of I Ca,L was equivalent in the three ventricular cell types when measured using a square wave voltage clamp pulse, we considered the hypothesis that a more prominent phase 1 in epicardial cells could increase the magnitude of I Ca,L , leading to an increase in 'trigger ' Ca 2+ , a greater SR Ca 2+ release and consequently faster cell shortening kinetics. To test this hypothesis, we measured I Ca,L using action potential voltage clamp techniques in which epicardial and endocardial waveforms were used to activate the current. The waveforms were taken from previously recorded action potentials of comparable duration and amplitude. A series of 5 square wave pre-pulses were applied to the cell. After the 5 th pre-pulse, the post-conditioning potential was returned to -50 mV to keep I Na inactivated and the upstroke of the action potential was modified so that takeoff potential was at -50 mV (Figure 6 , top) (Mitcheson & Hancox, 1999) . In addition, 5 mM EGTA was included in the pipette to suppress other Ca 2+ -activated currents. Figure 7A shows representative I Ca,L measured as the nicardipine-sensitive difference current elicited in the same cell using the two different action potential waveforms. Both peak current as well as total charge were greater when I Ca,L was elicited with an epicardial action potential waveform. On average, peak current and total charge were 26±12 and 47±10 % (p<0.05) larger (n=5), respectively, with an epicardial vs. endocardial action potential clamp protocol ( Figure 6B ).
To determine if the greater I Ca,L observed using an epicardial waveform translates into greater cell shortening kinetics, both waveforms were applied to the same cell and unloaded cell shortening was recorded. Figure 7 shows the epicardial and endocardial waveforms applied (top 11 trace) and corresponding contractions (lower traces). In this set of experiments, the waveforms were not modified. Prior to application of the waveform, 5 square wave pre-pulses were applied to the cell to maintain a constant SR load (Litwin et al., 1998) . The epicardial waveform resulted in a greater magnitude and faster time-to-peak of cell shortening. In five similar experiments, time to peak was 16.4+7.9 msec earlier during activation with the epicardial vs. endocardial waveform (p<0.05). In addition, the magnitude of cell shortening was 19.7+6.8% larger when the epicardial waveform was applied to the cells.
DISCUSSION
The present study demonstrates important cellular distinctions in the mechanical characteristics of cells isolated from the epicardial, endocardial and M regions of the canine left ventricular wall. Endocardial cells display the slowest and epicardial cells the fastest onset of contraction and fastest time to peak. In addition, epicardial cells also exhibited the fastest relaxation rate. When the 3 transmural cell types were uniformly activated using a square wave voltage clamp pulse, some of these distinctions in cell shortening persisted ( is greatest when and epicardial waveform is applied to the cell. Our results suggest that the greater Ca 2+ influx via I Ca,L during an action potential coupled with a greater SR content in epicardial cells contribute to the faster cell shortening kinetics in this cell type although other mechanisms are involved.
The differences in cell shortening persisted when the 3 transmural cell types were uniformly activated using a square wave voltage clamp pulse, suggesting that factors other than action potential morphology contribute to the mechanical distinctions. These observations suggest that there are intrinsic differences in EC coupling between the three cell types. These variations may be due to differences in intracellular Ca 2+ buffering or expression of Ca 2+ handling proteins. For example, in canine ventricular myocardium it has been shown that the expression of SERCA is much greater in epicardium versus endocardium (Laurita et al., 2003) . In that study, the greater 13 SERCA2a expression in epicardium resulted in a faster decline of the Ca 2+ transient consistent with our observations. In addition, there may be regional differences in RyR2 expression or FK506 binding protein which stabilizes RyR2. A differential expression in either of these proteins may affect SR Ca 2+ release. The differences in cell shortening kinetics may also be due to the presence of different contractile protein isoforms between the cell types. For example, V1 isomyosin shows high ATPase and contractile activity compared to V3 isomyosin (Pope et al., 1980) . Although species dependent differences in cardiac myosin isoforms exist (Joseph et al., 2000) , it is possible that similar regional differences in myosin isoforms contribute to the mechanical distinctions that we describe (Figure 2 ).
Action Potential Studies
All mammals exhibit regional differences in the morphology of the ventricular action potential (Antzelevitch et al., 1991; Clark et al., 1993; Fedida & Giles, 1991) that may contribute to differences in EC coupling. A prolonged action potential is known to augment cell shortening via elevation of [Ca 2+ ] i (Bouchard et al., 1995; Fiset et al., 1997) . Recent studies have shown that the rate of repolarization of the cardiac action potential can profoundly affect SR Ca 2+ release in rat ventricular myocytes. A fast rate of repolarization results in a much larger I Ca,L and a greater increase in [Ca 2+ ] i than a slow rate (Sah et al., 2002) . Moreover, a faster rate of repolarization contributes to synchronization of Ca 2+ sparks (Bridge et al., 1999; Sah et al., 2002; Sah et al., 2003) .
The present study demonstrates the effect of a prominent phase 1 to increase not only peak I Ca,L , but also the total charge carried by the current (Figure 6 ) in canine ventricular myocytes. A recent report by Banyasz et al. (2003) also noted that the presence of a spike and dome action potential waveform in canine ventricular cells results in a greater magnitude of I Ca,L (Banyasz et al., 2003) .
These observations suggest that cell types with a rapid phase 1 (and hence a large I to ) would exhibit show that during action potential recordings, epicardial and M cells exhibit faster cell shortening kinetics and a shorter time-to-peak of the [Ca 2+ ] i transient. ] i transient is slower in canine ventricular endocardium compared to epicardium due in part ot a lesser expression of SERCA2a in endocardial cells (Laurita et al., 2003) . These observations are concordant with our data showing slower [Ca 2+ ] i transient and cell shortening kinetics in canine ventricular endocardial cells and more rapid kinetics in epicardium. On a steady-state basis, the faster rate Ca 2+ reuptake may contribute to a greater SR Ca 2+ content.
Voltage Clamp Observations
When variations in action potential waveform and duration are eliminated by replacing action potentials with square wave voltage clamp pulses, epicardial and midmyocardial cells show no significant difference in cell shortening kinetics (latency to onset of contraction and time-topeak), but endocardial cells continue to exhibit slower cell shortening kinetics. Similar observations in unloaded cell shortening kinetics were previously described in a preliminary report involving canine and ferret epicardial and endocardial cells studied under voltage clamp conditions (Yang ZK et al., 1995) . Epicardial cells display a larger SR calcium content compared to endocardial cells handling proteins (Laurita et al., 2003) or myosin isoforms (Joseph et al., 2000) . Differences in the distribution of T-tubules may contribute as well (Heinzel et al., 2002) ; this hypothesis is currently under investigation in our laboratory.
We considered the hypothesis that differences in L-type Ca 2+ current contribute to variations in cell shortening kinetics. Under voltage clamp conditions, I Ca,L density and the corresponding fluorescence-voltage relations were similar among the 3 cell types. The absence of transmural differences in I Ca,L is consistent with two recent reports by other investigators (Li et al., 2002) ; (Banyasz et al., 2003) but not with a third in which endocardial cells from the canine left ventricle were found to have a larger I Ca,L density and to express I Ca,T (Wang & Cohen, 2003) . The disparate results may be related to differences in experimental conditions. The study by Wang and Cohen (2003) .
We further evaluated I Ca,L under action potential clamp conditions and found that the spike and dome morphology of the epicardial action potential significantly augments peak current and total charge of I Ca in epicardial cells, providing support for the hypothesis that differences in L-type Ca 2+ current contribute to cellular distinctions in cell shortening kinetics. The ability of action potential morphology to influence I Ca was also recently demonstrated in canine (Banyasz et al., 2003) and mouse ventricular myocytes (Bridge et al., 1999) , and those from other species (Sah et al., 2003) . In mouse ventricular myocytes, which has a very brief action potential duration due to a prominent I to , Bridge et al. (1999) showed that much of the SR Ca 2+ release is activated during the repolarization phase of the action potential when the driving force for Ca 2+ entry increases dramatically (Bridge et al., 1999) . Variations in phase 1 repolarization due to species-related and cell-related differences in I to can affect Ca 2+ influx, SR Ca 2+ release and contractility (Sah et al., 16 2003) .
EC coupling in cardiac cells can be affected by numerous other factors. Cardiac contractions can be influenced by activation of T-type Ca 2+ current (Sipido, 1998; Zhou & January, 1998) , Na + -Ca 2+ exchange operating in 'reverse-mode' (Levi et al., 1994; Litwin et al., 1996) and a voltagesensitive release mechanism (Ferrier & Howlett, 2001; Hobai et al., 1997) . In the canine ventricle, previous studies have demonstrated a differential distribution of Na + -Ca 2+ exchange current (Zygmunt et al., 2000) but cf. (Laurita et al., 2003) and late Na + current (Zygmunt et al., 2001) .
These distinctions contribute to electrical heterogeneity and likely contribute to differences in EC coupling. Furthermore, the triggers of SR Ca 2+ release do not operate in a simple additive fashion, but sum in a non-linear manner (Cordeiro et al., 2001b 
Possible Physiological Implications
Our data point to important differences in calcium homeostasis and mechanical function among the three predominant ventricular cell types. Although these distinctions are conferred in part by differences in electrical characteristics of the three cell types, intrinsic differences in EC coupling are evident.
Implications relative to the mechanical function of the heart in health and disease are many.
Among them is the observation that transmural distinctions in onset of contraction may improve the contractile efficiency of the ventricular myocardium. The normal activation pattern of the ventricle is from endocardium to epicardium. Previous studies have shown that transmural conduction delay is on the order of 20-to 30 msec in the canine left ventricle (Yan et al., 1998) . The present study To eliminate the effects of I Na , the action potential was modified so that -50 mV was the start of the waveform (top of figure) . Application of the epi-waveform produced a larger peak current and greater charge entry compared to the endo-waveform. Panel B:
Mean data showing changes in I Ca,L parameters in response to the action potential waveforms. 
